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Seeing, the angular size of stellar images blurred by atmospheric turbulence, is a critical
parameter used to assess the quality of astronomical sites. Median values at the best mid-
latitude sites are generally in the range of 0.6–0.8 arcsec1–3. Sites on the Antarctic plateau are
characterized by comparatively-weak turbulence in the free-atmosphere above a strong but thin
boundary layer4–6. The median seeing at Dome C is estimated to be 0.23–0.36 arcsec7–10 above a
boundary layer that has a typical height of 30m10–12. At Dome A and F, the only previous seeing
measurements were made during daytime13,14. Here we report the first direct measurements
of night-time seeing at Dome A, using a Differential Image Motion Monitor15. Located at a
height of just 8m, it recorded seeing as low as 0.13 arcsec, and provided seeing statistics that are
comparable to those for a 20m height at Dome C. It indicates that the boundary layer was below
8m 31% of the time. At such times the median seeing was 0.31 arcsec, consistent with free-
atmosphere seeing. The seeing and boundary layer thickness are found to be strongly correlated
with the near-surface temperature gradient. The correlation confirms a median thickness of
approximately 14m for the boundary layer at Dome A, as found from a sonic radar16. The
thinner boundary layer makes it less challenging to locate a telescope above it, thereby giving
greater access to the free-atmosphere.
To directly measure the seeing at Dome A, the location of Kunlun Station (see Extended Data
Fig. 1), we developed the KunLun Differential Image Motion Monitors (KL-DIMMs17). They were
designed to operate automatically at temperatures as low as −80◦C. In January 2019, the 35th Chinese
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National Antarctic Research Expedition installed two KL-DIMMs on an 8m tower. The KL-DIMM
provided a seeing measurement every minute. In total, we obtained 45,930 valid seeing values during
the polar night from 11 April to 4 August 2019. These values were corrected to the zenith and a
wavelength of 500 nm, as is standard. During observations, frost and/or snow accumulated on the
two wedges that form the sub-apertures. The frost reduced not only the signal but also the effective
diameters of the sub-apertures. We decide to use a fixed diameter value of 5 cm for all seeing
estimates. Thus, the derived seeing values are upper limits; the true values are likely 10–20% lower
(see Methods).
Fig. 1 shows the histogram of seeing fromDome A during the polar night in 2019. The distribution
consists of a strikingly-sharp peak that has a mode value of 0.31 arcsec, as well as a long tail of poor
seeing extending beyond 3 arcsec. The peak at 0.31 arcsec is on order of the expected free-atmosphere
(FA) seeing, thus it is reasonable to attribute the times of superb and poor seeing to the cases when
the boundary layer (BL) was entirely below or extended above the telescope, respectively. In addition,
we expect an intermediate case10 when there is a transition phase of the BL thickness varying across
the apertures of the KL-DIMM, or a secondary turbulent layer above the surface layer. We therefore
fit the histogram with three log-normal components10, corresponding to the FA, intermediate and BL
components, as shown in Fig. 1. The fraction of FA seeing is consistent with the results from the sonic
radar16.
We compare the statistics of seeing from Dome A with those from Dome C10 and mid-latitude
sites in Table 1. For the height of 8m, the seeing statistics at Dome A are much better than those at
the same height from Dome C, and are comparable to those at 20m from Dome C. This is because the
fraction of FA seeing is higher at Dome A, although the FA seeing values are similar. The comparison
confirms that the BL at Dome A is much thinner, and more turbulent, than at Dome C, as was predicted
by models5. We therefore expect that on a tower that is higher than 8m at Dome A, superb seeing
will be more frequent while poor seeing will be reduced in both frequency and value, as is the case at
Dome C. At the best mid-latitude sites, the BL contributes less to the seeing, but it has a thickness that
can be hundreds of metres and therefore cannot be avoided. In Antarctica, a telescope on an adequate
tower would be affected by the FA only, enabling high-resolution wide-field observations.
To estimate the seeing at other heights, we can correlate the seeing, or BL thickness, with near-
ground meteorological parameters, since most turbulence resides within a few tens-of-metres of the
snow surface. In 2019 the expedition installed a new second-generation KunLun Automated Weather
Station18, which measured temperature, wind speed and wind direction every 2m from the snow
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surface to a height of 14m, as well as air pressure and relative humidity. However, we only have 1.5
months of simultaneous data with KL-DIMM, mainly during the polar day, up until 15 March.
A comparison of seeing and weather data (see Methods) reveals that the best seeing occurs when
the temperature gradient is large. In a temperature inversion, warm air overlies cooler air resulting
in a stable atmosphere. However, wind shear may generate turbulence. The relative importance of
buoyancy and wind shear is quantified by a dimensionless ratio, Ri, the Richardson number. If Ri is
below the critical value of 0.25, turbulence develops. Even for 0.25 < Ri < 1, residual turbulence
may remain for some time during the transition from turbulent to laminar flow19.
In Fig. 2a, it can be seen that the seeing at the height of 8m depends strongly on the temperature
difference between 8m and 0m (surface), T8 − T0, which dominates Ri at 8m. Three regions of
different behaviour can be identified:
1. T8 − T0 < 1K, Ri ∼ 0, the median seeing increases from 1 to 1.5 arcsec;
2. as T8−T0 increases from 1 to 10K, the median Ri increases from 0 to 0.8, and the median seeing
decreases from 1.5 to 0.3 arcsec;
3. T8 −T0 > 10K, Ri > 0.8, seeing remains constant at ∼ 0.3 arcsec for most data but with a small
fraction having seeing ∼ 1 arcsec.
Because seeing close to 0.3 arcsec suggests that the KL-DIMM is above the BL, the dependence
of seeing on T8 − T0 reflects the height variation of the BL. Similar dependence at Dome C is also
reported20. As T8 − T0 increases, so does Ri. The turbulence intensity then decreases with height
rapidly and the BL becomes thinner. Consequently, the seeing at 8m improves until the BL is below
8m, when the seeing is determined only by the FA. The seeing has little dependence on T8−T0 beyond
10K, which is the critical value when the thickness of the BL is ∼ 8m. Occasionally, when extra
high-altitude turbulence occurs, the seeing is degraded to ∼ 1 arcsec, which is also observed at Dome
C20.
Although the seeing is correlated mainly with T8 − T0, the scatter is quite large (∼ 0.2 dex). From
Fig. 2b, we find that the wind speed at 8m, U8, also plays a role. There is a clear trend of improved
seeing with decreasing U8 for small T8 − T0. Good seeing and large T8 − T0 never occur when U8 & 7
m s−1. Modelling also indicates that the surface wind speed is an indicator for BL thickness and
seeing5.
To infer the dependence of the BL on meteorological parameters during the polar night, we
analyzed historical weather data18. Fig. 3a shows the same plot as Fig. 2b, but for the winter period
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from April to August in 2015. The two regimes with large and small T8−T0 correspond to the thin and
thick BL cases, respectively. Also, the fraction of large T8 −T0 increases significantly compared to the
polar daytime data. Strikingly, the greatest U8 − U2 does not occur with the greatest U8, but occurs
during the transitional phase with moderateU8. The meteorological data from Dome C show a similar
pattern, and two regimes separated by a U10 threshold have been proposed21. However, our results
prefer the temperature difference as an indicator to distinguish the two regimes (or BL thickness).
In principle, the temperature difference, Th − T0, between the height h and the surface could be
used to estimate the fraction of time with good seeing for h. Then, one could optimize the height
for the installation of a large telescope, balancing the seeing quality and the difficulty of construction.
We plot the histograms of Th − T0 for h = 4, 8 and 14m, respectively, in Fig. 3b for the polar night in
2015. The distributions are bimodal, corresponding to the BL below and above h. T8 − T0 > 10K,
suggesting that the FA seeing would be obtained at an 8 m height, occurred 38% of the time. This
agrees with the KL-DIMM result for the polar night in 2019. For h = 14m, the two peaks of the
histogram are larger than those for 8m by less than 1K. Thus we approximately set the threshold for
T14 −T0 to be 11K, 1K greater than that for T8 −T0. The fraction of time with T14 −T0 > 11K, when
the BL thickness is expected to be lower than 14m, was 49% in 2015 . This is also consistent with
previous measurements16.
In conclusion, the exceptional seeing, in combination with clear and dark sky22,23, and the low
thermal-infrared background24 from the coldest air18,25, would significantly improve both angular
resolutions and limiting magnitudes of optical/infrared telescopes at Dome A. The proposed 2.5m
Kunlun Dark Universe Survey Telescope (KDUST26) would be able to compete with 6m class
telescopes at the best mid-latitude sites. In addition, Dome A is a natural laboratory for studies
of the formation and dissipation of turbulence within the boundary layer. Future measurements of
weather, seeing, and the low-altitude turbulence profile27, could contribute to a better understanding
of the Antarctic atmosphere28–30.
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Table 1 | Statistics of the night-time seeing
Site height 25% median 75% FA IN BL fFA fIN fBL
m arcsec arcsec arcsec arcsec arcsec arcsec % % %
Dome A 8 0.41 0.89 2.02 0.31 0.57 1.97 31.0 30.1 38.9
Dome C 8 0.83 1.65 2.32 0.33 0.54 1.73 16.2 14.4 69.4
Dome C 20 0.43 0.84 1.55 0.30 0.42 1.17 15.7 29.3 55.0
Mauna Kea 7 0.57 0.75 1.03
Armazones 7 0.50 0.64 0.86
La Palma 5 0.62 0.80 1.06
The columns are the names of sites, the heights of towers for DIMMs, the 25th, 50th (median) and
75th percentile values of DIMM seeing, the median values of the FA seeing FA, intermediate seeing
IN and BL seeing BL , and the fractions of time with the FA seeing fFA, intermediate seeing fIN
and BL seeing fBL , respectively. The entrance pupils of DIMMs are usually ∼ 1m above the top
of towers. The last six columns are the decomposition results for three log-normal components in
seeing histograms and only for Dome A/C. For Dome C10, the seeing values at 8m are from winter
observations. We also list the seeing at best mid-latitude sites: Mauna Kea 13N in Hawaii1, Cerro
Armazones in Chile1 and La Palma in Canary Islands2.
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Fig. 1 | The night-time seeing at Dome A in 2019. The histogram is in brown and the cumulative
probability is in blue. The solid black line fits the histogramwith a sumof three log-normal components
(dotted black lines) representing the FA seeing, the intermediate seeing and the BL seeing from small
to large values (see Table 1).
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Fig. 2 | The correlations between seeing and meteorological parameters. a, The strong correlation
between seeing and T8 − T0. Colour indicates Ri. The solid line is the median seeing for each 0.5K
bin of T8 − T0, and the dashed line indicates T8 − T0 = 10K. b, T8 − T0 versus wind speed at 8m, U8,
with colour indicating seeing.
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Fig. 3 | The statistics of polar-night weather data in 2015. a, T8 − T0 against U8 as Fig. 2b, with
the colours indicating the wind speed difference between 8m and 2m, U8 − U2. The data points
concentrate in two horizontal regimes: large T8 − T0 with U8 . 7m s−1, and small T8 − T0 with U8
mostly from 3 to 15m s−1. Also, they are connected by a vertical zone where U8 ∼ 6m s−1. b, The
histograms of temperature differences between Th at the height of h and T0 at the surface, for h = 14, 8
and 4m, respectively.
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Methods
KL-DIMM
We developed two KL-DIMMs for Dome A, which were almost identical, for redundancy. Both
KL-DIMMs passed a cold test to −70◦C and functioned properly. They were also cross-calibrated by
a well-established DIMM in a western China site, Muztagh-ata31. And the seeing measurements were
consistent, with a standard deviation of 10% for the relative differences.
At Dome A, two KL-DIMMs were supported by PLATO-A32, a logistical system that provides
power and internet access. Although one of them produced little data owing to tracking and focusing
problems, the other one functioned well even when the air temperature was below −70◦C. The latter
obtained data automatically from 25 January to 11 March, and from 11 April to 4 August.
For deicing/defrosting during the polar night, power was supplied to the indium-tin-oxide (ITO)
conductive coatings on the wedges, but residual snow or frost still could be seen in web-camera images.
The frost reduced the effective diameters, Deff, of the sub-apertures, which is a parameter in the seeing
calculation. A possible approach to correcting for this effect is to assume Deff =
√
fobs/ f0D0, where
fobs is the observed stellar flux, f0 is the flux with no frost, and D0 = 5 cm is the diameter of the
wedges. The extinction from clouds was generally very small according to the simultaneous images
from an all-sky camera33, thus most extinction was expected to be caused by frost and snow on the
apertures. The median ratios of fobs/ f0 were 0.27 and 0.47 for the two sub-apertures, respectively.
Smaller Deff results in greater image motion15,34, causing the seeing to be overestimated. For a flux
ratio of 0.27 (0.47) the seeing is overestimated by 24 (14) per cent. However, the shapes of the real
sub-apertures are irregular and unknown, so this effect cannot be corrected precisely. We therefore
used a fixed value of 5 cm for all seeing estimates.
Seeing-weather correlation
An example of seeing and weather data from 4 to 5 March 2019 is presented in Extended Data Fig. 2.
The seeing shows a strong diurnal variation, ranging from∼ 0.3 arcsec at local midnight and∼ 1 arcsec
at noon. Sporadic bursts of seeing variations are also apparent on timescales as short as 1 hour. On
these days, the air temperature at the snow surface, T0, also varied diurnally. It was about −55◦C at
night, rising quickly to about −45◦C after sunrise, then falling again to −55◦C after sunset. Smaller
variations are seen in the temperatures T8 and T12, at 8m and 12m heights, which were typically close
10
to −40◦C and showed little diurnal trend. These two heights are adopted because 8m is the height
of the KL-DIMM and 12m is the highest that has a valid temperature measurement (the sensor at
14m was faulty). A strong temperature inversion developed rapidly at night, with the temperature
difference between 8m and the snow surface (T8−T0) often exceeding 15◦C. The temperature gradient
generally decreased rapidly with height. The inversion decreased or even disappeared during the day,
due to solar heating. Yet, the temperature inversion was not always strong at night. For instance, on
the night of 5 March when T0 decreased rapidly, T8 and T12 were also decreasing, due to the strong
wind and wind speed gradient. At that time, the seeing was not improved from day to night. Besides
the diurnal trend, the rapid variations of seeing were also accompanied by rapid temperature inversion
variations, possibly due to the fast variation of wind direction. This example implies that the seeing
is strongly correlated with the intensity of temperature inversion.
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The seeing and weather data at Dome A in 2019 that support the findings of this study are available in
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Extended Data Fig. 1 | Map of Antarctica. The red dots indicate locations of Dome A (Chinese
Kunlun Station), Dome C (FrenchâĂŞItalian Concordia Station), Dome F (Japanese Dome Fuji
Station) and the South Pole (Unite States AmundsenâĂŞScott Station), respectively. Courtesy of
Xiaoping Pang and Shiyun Wang.
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Extended Data Fig. 2 | An example of seeing and meteorological data from 4 and 5 March 2019.
a, Seeing (black) and Sun elevation (red). b, Air temperature at 12, 8 and 0m heights. c, Wind
speed at 12, 8 and 2m. d,Wind direction at 8m. Dotted vertical lines mark times when seeing either
increased or decreased rapidly.
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